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Study Region:A shallow (<50m) alluvial aquifer in the Terai region
of Nepal.
Study Focus: We examine the hydrogeochemical characteristics of
a shallow alluvial aquifer system in the Terai region (Nawalparasi
district) to identify possible mechanisms and controls on geogenic
Asmobilization ingroundwater.Groundwater and riverwater sam-
ples from a topo-gradient ﬂow-path and ﬂoodplain of a minor river
draining the Siwalik forehills were analyzed for physico-chemical
parameters.
New Hydrological Insights for the Region: The aquifer is char-
acterized by Ca-HCO3 type water and is multi-contaminated, with
the WHO guideline values exceeded for As, Mn and F in 80%, 70%
and 40% of cases respectively. The middle portion of the ﬂood-
plain was heavily contaminated with As, predominantly as As(III).
The river water displayed some evidence of reductive processes
in the hyporheic zone contributing As, Fe and Mn to baseﬂow
and also had elevated ﬂuoride. The generally sub-oxic conditions,
dominance of As(III) and Fe2+ species and positive correlation
between As and both NH3 and UV-absorbance at 254nm suggests
that oxidation of organic matter coupled with microbial mediated
reductive processes are important for mobilizing As in the aquifer.
The apparent decoupling between As(III)(aq) and Fe2+(aq) may be
explained by precipitation of siderite, but further work is required
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to resolve this unambiguously. Along with reductive processes,
other geochemical mechanisms including silicate weathering and
precipitation/dissolution of carbonate minerals, control the solute
and major ion composition of groundwater.
© 2015 Published by Elsevier B.V. This is an open access article
under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
1. Introduction
Elevated geogenic arsenic (As) concentrations in alluvial aquifers of the Gangetic plain is an impor-
tant human health concern (Smedley and Kinniburgh, 2002; Ravenscroft et al., 2009; Fendorf et al.,
2010a; Michael and Voss, 2008; Mukherjee et al., 2015). The Terai region of Nepal is part of the upper
Gangetic plain and almost half of Nepal’s population resides in this region. Residents of the region
are highly reliant on groundwater for drinking and other household purposes (Kansakar, 2005). The
Terai is the most agriculturally productive region of Nepal and groundwater is also used for irrigating
cultivated land (Gurung et al., 2005).
The presence of arsenic in groundwaters of the Terai region was ﬁrst identiﬁed by Department of
Water Supply andSewerage (DWSS) and theWorldHealthOrganization (WHO) in1999.Recent studies
have conﬁrmed the presence of elevated As concentrations (>6.7M) in alluvial aquifers within the
Terai region (Bhattacharya et al., 2003; Gurung et al., 2005; van Geen et al., 2008). Various agencies
tested 737,009 tubewells of the Terai region for As and approximately 9% of wells exceeded the WHO
guideline value (GLV) of 0.13M (Thakur et al., 2011). These broad-scale well testing programs have
identiﬁed the most affected districts are Rautahat, Nawalparasi, Parsa and Bara (NRCS, 2005). There is
considerable spatial and temporal heterogeneity in As concentrations in the Terai aquifers (Brikowski
et al., 2004, 2013; Weinman, 2010), similar to other As contaminated regions of the Gangetic Plain.
People exposed to elevated groundwater As on the Terai display symptoms of arsenicosis, including
diseases such as skin lesions and skin cancer (Bhattacharya et al., 2003; Pokhrel et al., 2009).
The thin alluvial aquifers of theNawalparasi district are some of themost severely As contaminated
in the Terai region (Maharjan et al., 2005). Alluvial sediments comprising the Terai aquifers in this
district arederived fromtwomainsources, (i) sedimentsdepositedby large rivers thaterode theupper-
Himalayan crystalline rocks (Brikowski et al., 2004; Weinman, 2010), (ii) weathered meta-sediments
carried by smaller rivers originating in the Siwalik forehills (Weinman, 2010).
There has been considerable international research effort aimed at understanding the scale of As
contamination and the primary hydrogeochemical drivers of As mobilization in the middle and lower
part of the Gangetic plain (e.g. Ahmed et al., 2004; Bhattacharya et al., 1997; Fendorf et al., 2010a;
Harveyet al., 2002; Lawsonet al., 2013;McArthur et al., 2011;Michael andVoss, 2008;Mukherjee et al.,
2012; Nath, 2012; Swartz et al., 2004; van Geen et al., 2006b; Mahanta et al., 2015). However, ground-
water arsenic contamination in the Terai region has received comparatively scant research attention.
A variety of competing hypotheses have been proposed to explain the mobilization and distribu-
tion of As in the aquifers of the Terai region. Bhattacharya et al. (2003) suggested possible oxidation
of organic matter coupled with reductive dissolution of Fe and Mn-bearing minerals releasing As-
oxyanions associated with these minerals. Gurung et al. (2005) also suggested a chemically reduced
environment in the aquifer triggers desorption of As from As-bearing iron oxides. Bisht et al. (2004)
identiﬁed the use of cowdung during tubewell drilling as a possible source of organic matter driving
reductive processes and subsequent As release in groundwater, however this has not been inde-
pendently veriﬁed. Weinman (2010) also identiﬁed reduction of As-bearing Fe-oxides as a source
of As mobilization in Nawalparasi ﬂoodplain sediments and further suggested that groundwater As
was mainly associated with sedimentary facies derived from large rivers (i.e. the Narayani/Gandaki)
carrying sedimentary material eroded from the upper Himalaya crystalline basement rocks.
In contrast to this, Williams et al. (2004, 2005) suggested that As contamination in the Terai
region may be the result of oxidation of authigenic As-bearing sulﬁdes derived from the Siwalik
meta-sediments, rather than reductive-dissolution of As-bearing Fe-oxides. Furthermore, an analysis
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performed by Kansakar (2004) on 18,000 tubewells of the Terai region suggested greater As release
from the Siwalik-derived sediment than sediments from the large ﬁrst and second grade rivers such
as the Narayani/Gandaki. Khadka et al. (2004) found concentrations of As increased downstream in
waters of the Jharia, a minor river which originates from the Siwalik forehills near Nawalparasi. These
studies suggest that the main source of geogenic As in the Terai alluvial aquifers may be sediments
derived from erosion of the Siwalik forehills.
The sedimentary origins of As and the precise mechanism(s) responsible for As mobilization in
alluvial aquifer sediments of the Nawalparasi district are yet to be unequivocally determined. Given
the gaps in present understanding, it is important to further investigate the geochemical character-
istics of groundwater in alluvial aquifers of this region. This study aims to explore the geochemical
characteristics of groundwater and river water along the topo-gradient ﬂow path of a minor river
draining from the Siwalik forehills. The objective of the study is to examine the geochemical evidence
for various arsenic release mechanisms within the alluvial aquifer in the Nawalparasi district, Nepal.
2. Materials and methods
2.1. Study site hydrogeology
The Nawalparasi district is located in the Terai alluvial plain, the Western Development Region,
Nepal. It has a population of about 650,000 (CBS, 2012) and covers an area of 2162km2 (Bhattacharya
et al., 2003). It is surrounded by Rupandehi, Chitwan and Palpa districts in east, west and north respec-
tively, while India lies to the south. The elevation of the district ranges from 93 to 1491m above mean
sea level (msl). It is situated in a subtropical zone and is subjected to monsoonal rainfall with an
average annual precipitation of about 1400mm (Shrestha, 2007).
The district has three distinct hydrogeological zones: (1) the Siwalik Hills, (2) the Bhabar recharge
zone and (3) the Terai plain unconsolidated Holocene ﬂoodplain sediments. The northern part of the
district is bounded by the steeply sloped Siwalik Hills which are composed of sedimentary rocks such
as sandstone, siltstone, mudstone, shale, and conglomerates. Immediately south lies the Bhabar zone,
which is composed of unconsolidated sediments that are porous and coarse such as gravel, cobbles and
boulder material, thereby making the Bhabar zone highly permeable, with an average transmissivity
∼5000m2 per day and a hydraulic conductivity of ∼200m per day (Kansakar, 2004; Shrestha, 2007).
A major river, the Narayani/Gandaki, which descends from the Higher Himalaya, ﬂows along the
eastern boundary of the Nawalparasi district and has had a major inﬂuence on the underlying uncon-
solidated Holocene ﬂuvial deposits that comprise the ﬂoodplain aquifer system (Weinman, 2010).
Small local rivers originating in the Siwalik Hills, including the Turia, Jharia and Bhaluhi, dissect
the ﬂoodplain in a North-South orientation (Pathak and Rao, 1998). The plain is situated on the
Rapti–Gandaki interfan region and is mainly comprised of Holocene alluvium (NASC, 2004). Unlike
other regions of Terai, where ﬁner of sediments typically increase toward the south, ﬁnes predominate
in the north and sand and gravels are found near the Nepal–India border (Shrestha et al., 2004). In
the areas with ﬁne grained sediments, elevated concentrations of As are typically recorded (Brikowski
et al., 2004, 2013).
2.2. Water sampling, collection and preservation
All glass and plasticware used during sampling and laboratory analysis were soaked in 5% HCl
for 24h and then rinsed with deionized water (Milli-Q) for at least 24h. All reagent solutions were
prepared with Milli-Q water having a resistivity of 18.2M/cm.
In October 2012, tubewell water samples were collected along the ﬂoodplain of the Bhaluhi River,
Nawalparasi district (Fig. 1). The sampling area was divided into three topo-gradient regions along the
ﬂow path of the Bhaluhi River referred herein as (i) the Upper region, (ii) the Middle region and (iii)
the Lower region. The upper region lies on the edge of the Bhabar zone, while the middle and lower
region are situated on the Terai plain. This division was based on the recognition that geomorphic and
landform features can exert a vital control on aquifer stratigraphy and corresponding geochemistry
and As concentrations (McArthur et al., 2011; Nath, 2012; Shamsudduha et al., 2008; Weinman et al.,
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Fig. 1. Study site tubewell and river sampling locations and elevation proﬁle along the ﬂow-path of the Bhaluhi River.
2008; Winkel et al., 2008) and the distribution of As concentrations in the aquifer derived from prior
testing of the region. Seventy-threewater samples from tubewells and eight samples from the Bhaluhi
River were collected for detailed aqueous phase characterization (Fig. 1).
Most of the investigated tube wells were currently used by local people for domestic drinking or
irrigation purposes. Information such as depth, age, screen interval, method of drilling and construc-
tion of tube well were collected via interview with the owner or nearest household user of the well.
Each tubewellwas subjected to 5–10min of continuous pumping, duringwhich time the redox poten-
tial, pH, temperature, dissolved oxygen (DO) (luminescence probe) and electrical conductivity of the
water was measured with HACH multimeters (HQd) and freshly calibrated probes. After 5–10min of
pumping and stabilization of physico-chemical parameters, water samples were collected into a clean
high-density polyethylene (HDPE) bottle ﬂushed with sample water three times and ﬁlled without
any headspace.
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Each 250mL sample was immediately (within 5min of collection) transferred to a mobile ﬁeld-
lab for ﬁltration via 0.45m enclosed syringe ﬁlter unit and aliquots transferred to colourimetric
reagents or subject to appropriate acid preservation. For on-site separation of As(III) species about
∼50mL of 0.45m-ﬁltered water was passed through solid arsenic-speciation cartridges (Metalsoft)
and preserved with concentrated HCl. The cartridge contains highly selective aluminosilicate that
adsorbs As(V) and allows only As(III) to pass through the column (Le et al., 2000). For cations and trace
metals, 50mL of ﬁltratewas preservedwith 0.3mL of concentratedHNO3− . For anions, the ﬁltratewas
pre-treated with 2g per 50mL of cation exchange resin [BioRad AG50W-XB (142–1421)] to prevent
metal precipitation and subsequent scavenging of anions. All the water samples were protected from
sunlight and stored at 4 ◦C until further analysis.
Spectrophotometric analysiswasperformedon the samedayof sample collection for dissolved Fe2+
and total Fe (FeTot) by the 1,10 Phenanthroline method (APHA, 2005); sulﬁde by the methylene blue
method (Cline, 1969); alkalinity by the bromophenol blue method (Sarazin et al., 1999); phosphate by
the ammonium molybdate method (Murphy and Riley, 1958); and ammonia by the salicylate method
(Chemetrics® vacuvials kits). Additional UV–visible spectrawere collected on a ﬁltered aliquot of each
sample using an ocean optics portable spectrophotometer equipped with a 10mm path length quartz
cell (Dahlen et al., 2000).
2.3. Laboratory analysis
2.3.1. Water samples
Arsenic was analyzed by Hydride Generation Atomic Absorption Spectrophotometry (HG-AAS;
AA280FS, VARIAN Australia Pyt Ltd, Australia) (McCleskey et al., 2004) with a detection limit of 3.4nM
and a precision within 5%. Individual samples were analyzed in quadruplicate and data presented
are means. Major cations, anions and trace elements were analyzed at the Environmental Analysis
Laboratory (EAL), Southern Cross University (SCU). Cations (Na, K, Ca, Mg), trace elements (arsenic,
manganese, boron,molybdenum, vanadium, silver,mercury, silicon, iron, lead, chromium, cobalt, zinc,
nickel, copper, barium, cadmium, aluminum and selenium) and anions (chloride, sulfur, phosphorus
and bromide) were analyzed by inductively coupled plasma mass spectrometry (ICP-MS) (Perkin-
Elmer ELAN-DRCe). For the purposes of this study, sulfur was assumed to be primarily SO42−, as S(-II)
was below detection limits. Nitrate, nitrite and ﬂuoride were analyzed by ﬂow injection analysis (FIA)
(LACHAT QuikChem 8000).
2.4. Geochemical modeling and statistical analysis
Saturation indices (SI) were calculated using PHREEQC-2 for Windows V 2.15.06 (Parkhurst and
Appelo, 1999) with stability constants derived from the Minteq database.
3. Results
3.1. Groundwater chemistry
Tubewell geochemical data are summarized in Table 1 and presented in relation to the depth
of tubewell in Fig. 2. The groundwater is circum-neutral with pH (6.7–7.5) and the redox poten-
tial (pE) between 0.9 and 4.1 indicating the groundwaters are predominately moderately reducing
and suboxic. Groundwater had a high amount of HCO3− (5.6–14.7mM), variable concentrations of
Cl− (0.2–6.2mM) and other major cations, Ca2+ (1.2–4.8mM), Mg2+ (0.5–2.6mM), Na+ (0.2–7.3mM)
and K+ (0.01–5.7mM). The groundwater displayed low concentrations of SO42− (0.0–1.5mM),
PO43−(0–9.7M), NH3+ (0–2.8M), NO2− (0–0.2M) and negligible amounts of nitrate and sulﬁde
below detection limits.
A piper plot (Fig. 3) indicates that shallow groundwater of Nawalparasi is Ca-HCO3 dominant.
Anions are clearly dominated by HCO3−. Ca2+ dominated cations in the upper and lower region and a
localized increase in Na+ was observed in the middle region.
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Table 1
Summary of aqueous geochemistry of tubewell and river water sample collected along the ﬂow path of the Bhaluhi River,
Nawalparasi, Nepal.
Upper (n=25) Middle (n=37) Lower (n=11) River (n=8)
x¯ Max Min x¯ Max Min x¯ Max Min x¯ Max Min
Depth (m) 10.6 19.8 0.6 19.3 45.7 5.5 14.8 21.3 2.7 <1 <1 <1
Temperature (◦C) 25.5 27.3 24.3 25.6 26.7 24.6 25.3 25.7 25 26.3 30.7 23.9
pH 7 7.3 6.7 7.1 7.5 6.7 7.1 7.3 7.0 8.0 8.2 7.3
pE 1.9 4.1 0.9 1.6 4.1 0.9 1.5 3.1 1.1 2.2 4 0
DO 23.2 151.3 0 24.7 105.6 0 29.5 103.8 0 223.5 310.6 136.3
EC (S cm−1) 884 2230 632 894 1834 629 849 1294 553 537 724 459
HCO3−* 8.94 14.72 6.78 9.98 13.42 7.94 8.18 12.53 5.58 5.7 7.44 4.77
Fe2+ 54.38 121.55 bdl 41.77 216.47 bdl 42.29 87.64 2.69 – – –
FeTot 54.89 121.55 0.02 42.41 224.33 1.6 43.17 87.64 5.79 0.51 0.87 0.15
As(III) 0.44 1.64 bdl 2.33 6.87 bdl 0.54 2.26 bdl 0.03 0.07 0.001
AsTot 0.49 1.75 bdl 2.58 bdl bdl 0.59 2.48 0.003 0.04 0.10 0.002
NH3+ 0.46 1.85 bdl 1.15 2.69 0.19 0.44 2.29 bdl 0.01 0.04 bdl
NO3− bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
NO2−# 93 203 bdl 77 159 bdl 91 159 29 62 116 bdl
PO43− 2.99 9.67 bdl 4.60 19.78 bdl 4.23 8.35 0.97 bdl bdl bdl
S(-II) bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
SO42−* 0.17 1.54 0.03 0.11 0.89 0.03 0.24 0.85 0.03 0.12 0.15 0.09
Cl−* 1.12 6.16 0.29 0.82 5.92 0.17 1.23 3.87 0.28 0.37 0.47 0.25
Na+* 1.05 3.95 0.25 2.61 7.3 0.66 1.21 2.31 0.35 0.38 0.39 0.36
Ca2+* 3.02 4.65 1.59 2.61 4.78 1.25 3.19 4.64 2.33 1.81 2.65 1.39
Mg2+* 1.29 2.55 0.88 1.22 1.97 0.71 0.89 1.65 0.47 1.15 1.38 1.05
K+* 0.41 5.71 0.01 0.09 2.09 0.01 0.14 0.45 0.03 0.07 0.09 0.06
Si* 0.31 0.41 0.21 0.53 0.82 0.23 0.57 0.76 0.38 0.22 0.25 0.21
Abs254 0.047 0.124 0.003 0.098 0.181 0.009 0.064 0.106 0.024 0.013 0.02 0.004
Al 0.21 4.61 0.001 0.15 1.96 0.01 0.09 0.56 0.01 0.39 3.18 0.01
B 2.02 9.76 0.72 6.85 16.66 1.38 2.01 5.22 0.76 0.69 0.73 0.64
Ba 3.81 9.83 1.27 1.74 4.46 0.66 1.02 2.04 0.62 2.39 3.28 2.11
Br 0.59 3.28 0.04 1.28 4.97 0.3 1.37 4.51 0.09 0.01 0.08 bdl
Co# 4 18 1 3 15 1 2 6 1 bdl bdl bdl
Cu# 13.53 50.37 5.99 12.48 41.51 3.56 15.16 21.04 9.69 15.23 20.33 11.41
F−* 0.09 0.2 0.04 0.06 0.13 0.01 0.09 0.13 0.01 0.13 0.15 0.07
Mn 8.33 45.41 0.04 3.01 19.93 0.15 8.36 24.98 1.44 0.26 0.58 0.01
Mo# 16 55 1 75 234 4 16 39 1 3 4 1
Ni# 5 43 1 7 34 1 4 1 bdl bdl 3 bdl
Pb# 0.19 1.11 0.01 0.23 1.09 0.02 0.28 1.08 0.07 0.28 0.62 0.09
Se# 2 22 1 2 11 1 2 8 3 3 6 2
V# 1 9 1 1 8 1 1 5 2 4 6 2
Zn# 99 377 24 260 1470 15 124 596 5 39 207 18
All units in (M) except where mentioned, * =mM, # =nM. bdl =below detection level.
Bivariate plots of major ion ratios may help to identify the relative importance of processes such
as silicate weathering, carbonate weathering and evaporite dissolution on the concentration of major
cations and anions in groundwater (e.g. Mukherjee and Fryar, 2008). The Na normalized Ca versus
HCO3− plot [after Gaillardet et al. (1999) and Mukherjee and Fryar (2008)] (Fig. 4a) suggests that the
tubewell water samples range from being inﬂuenced by silicate weathering to carbonate dissolution.
The ratio of Na normalized Mg:Ca [after Gaillardet et al. (1999) and Mukherjee and Fryar (2008)]
(Fig. 4b) suggests that the source of Mg is mostly by carbonate dissolution and partly by silicate
weathering. A bivariate plot of Ca +Mg versus HCO3− [after Mukherjee and Fryar (2008)] (Fig. 4c)
displays a broader scatter and suggests that the source of HCO3− is mostly carbonate dissolution or
organic matter oxidation (Mukherjee and Fryar, 2008). Average (Ca+Mg)/HCO3− of tubewell water
samples of the upper region were found to be 0.48, middle region was 0.38 and the lower region was
0.50. Themolar ratio of (Na+K) to Clwas greater than 1 for 59 tubewellwater samples, which suggests
silicate weathering is an important process (Mukherjee and Fryar, 2008; Stallard and Edmond, 1983),
especially in themiddle region. A bivariate plot of (Na+K)/Cl and Si suggests that these cations relative
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Fig. 2. Depth-proﬁles of water quality parameters.
to Cl increase as Si becomes >250M (Fig. 4d), which is an indicator of signiﬁcant silicate weathering
(Mukherjee and Fryar, 2008). Si also generally increased along the ﬂow-path of the aquifer (Fig. 5).
3.2. As, Fe, Mn and other trace elements
Aqueous geochemistry is summarized in Table 1 and bivariate plots of AsTot and other species
are shown in Fig. 6. The concentration of AsTot in the ﬁltered water samples from tubewells in the
upper region ranged from below detection limits (BDL) to 1.7M with an average of 0.5M. Eigh-
teen groundwater samples exceeded the WHO limit in this region. The aqueous speciation of As is
dominated by As(III). The concentration of Fe(aq) varied from BDL to as high as 121.6M with mean
of 54.9M. Fe aqueous speciation is dominated by Fe2+ which varied from 0.0 to 121.6M with an
average of 59.2M. Manganese concentrations are also high and varied from BDL to 45.5M with
an average of 8.3M. There were also other major trace elements (Table 1) in groundwater of this
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Fig. 3. Piper plot and the hydrochemical facies distribution of groundwater and river water samples.
region such as Si (0.2–0.4mM), Al (<0.01–4.6M), Zn (0.02–0.4M), B (0.7–9.8M), Mo (1–100nM),
Ba (1.3–9.8M), and Br (4–3300nM). The concentrations of Cu, Ni, Pb, Se, V and Co were very low.
The mean ﬂuoride level was 0.09M.
AsTot concentrations peaked in the middle region and ranged from BDL to 7.6M with an average
of 2.6M. Thirty-four out of thirty-seven groundwater samples in this region exceeded the WHO
limit for As. As speciation was also dominated by As(III). Concentrations of Fe(aq) were highest in
this region, exceeding 200M with an average of 42.2M and aqueous speciation was dominated
by Fe2+. Manganese concentration was the lowest in this region and varied from 0.1 to 19.9M with
an average of 3M. The other major trace elements detected in this region (see Table 1) were Si
(0.2–0.8mM), Al (0.01–2.0M), Zn (0.02–1.5M), B (1.4–16.7M), Mo (4–200nM), Ba (0.7–4.5M)
andBr (0.3–5.0M). The concentration of Cu,Ni, Pb, Se, V andCowas very low. Fluoride concentrations
were mostly <0.1M.
In the lower region the average concentration of AsTot was 0.6M with a maximum of 2.5M
(Table 1). As(III) was dominant (Fig. 7). The concentration of Fe(aq) varied from 5.8M to 87.6M with
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Fig. 4. Bivariate plots of major solutes. The dashes boxes represent the ranges of approximate compositions of the three
main sources end members (evaporites, silicates, and carbonates) without any mixing (dashed line boundaries derived from
Mukherjee and Fryar, 2008).
an average of 43.2M with Fe2+ as the dominant species. Manganese concentration varied from 1.4 to
25M with an average of 8.4M. Other trace elements detected in this region were Si (0.4–0.8mM),
Al (0.01–0.6M), Zn (<0.01–0.6M), B (0.8–5.2M), Ba (0.6–2M) and Br (0.1–4.5M). The concen-
trations of Mo, Cu, Ni, Pb, Se, V and Co were very low. Fluoride values did not exceed 0.15M.
Fig. 5. Distance along the ﬂow path of the Bhaluhi River (expressed as latitude) versus tubewell Si concentrations.
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Fig. 6. Bivariate plots showing relationships between As and other parameters.
Signiﬁcant positive correlations were observed between AsTot and NH3 (r2 =0.37, ˛=0.01), AsTot
and Mo (r2 =0.84, ˛=0.01), and AsTot and Abs254 (r2 =0.44, ˛=0.01) (Fig. 6). Strong signiﬁcant positive
correlation was also observed for NH3 and Abs254 (r2 =0.53, ˛=0.01) (Fig. 8).
3.3. River water chemistry
All river sampleswere circum-neutral to slightly alkaline (7.3–8.3) (Table 1). The riverwater chem-
istry along the river ﬂow-path is presented in Fig. 9. There are increases in the concentration of As, Fe,
Mn, Abs254 and Mo evident in the middle region of the ﬂow-path. Khadka et al. (2004) also reported
that the Jharia River (adjacent to the Bhaluhi River) displayed increasing As concentrations down-
stream. However, the concentration of arsenic in the Bhaluhi River was lower than that reported by
Fig. 7. Cumulative frequency distribution (% of total) of As, F and Mn (the shaded part represents exceeding the WHO GLV for
the respective element). The WHO GLV for As =0.13M, F=0.08mM and Mn=0.91M.
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Fig. 8. Bivariate relationship between NH3 and Abs254.
Khadka et al. (2004) for the Jharia River. Manganese concentrations peaked initially at the middle
region and then displayed a sharp decline, suggesting precipitation of Mn. However, the concentra-
tions of other major ions such as HCO3−, Ca, Mg, K, Si, F and Br generally decrease along the ﬂow path
of the Bhaluhi River. Fluoride in rivers water exceeded the WHO GLV of 0.07M except at sampling
point 3.
Fig. 9. Bhaluhi River water chemistry along the river ﬂow-path. The shaded portion represents middle region of the Bhaluhi
River ﬂoodplain.
70 J. Diwakar et al. / Journal of Hydrology: Regional Studies 4 (2015) 59–79
Fig. 10. Relationship between As and saturation indices of (a) Siderite and (b) Rhodocrosite.
3.4. Geochemical modeling
Saturation indices (SI) values of some minerals that may inﬂuence the geochemistry of shallow
groundwater and the Bhaluhi River in Nawalparasi are shown in Table 2. The groundwater is highly
undersaturated with respect to As (e.g. arsenolite), Mn oxide phases (e.g. birnessite, bixbyite, haus-
mannite, manganite, nsutite and pyrolusite) and sulfate phase (e.g. gypsum), indicating that aqueous
As,Mn and S are unlikely to precipitate as thesemineral phases (Mukherjee and Fryar, 2008). Aminor-
ity of groundwater samples (15/73 or 21%) were highly to moderately supersaturated with respect to
Fe(III) (oxyhdr) oxide phases like ferrihydrite, hematite, lepidocrocite, goethite, maghemite, and Mg-
Ferrite. This means those minerals might be present in the aquifer at those locations. Groundwater
and river water is near equilibrium with respect to slightly undersaturated with respect to ﬂuoride
phase (e.g. ﬂuorite). Groundwater is mostly saturated with respect to siderite (Fig. 10a) and also near
equilibrium or undersaturated with respect to other Fe(II) minerals like melanterite and greenalite,
as well as carbonate phases (e.g. aragonite, calcite, dolomite). There is a negative correlation between
AsTot and rhodocrosite (Fig. 10b).
4. Discussion
4.1. Major ion composition
The groundwater chemistry is predominately moderately reducing and suboxic with circum-
neutral pH and high concentrations of Ca2+ and HCO3−. High concentrations of Ca2+ and HCO3− is
a common feature in South and Southeast Asia ﬂoodplain aquifers (Berg, 2001; Bhattacharya, 2002;
Bhattacharya et al., 2002; Buschmann et al., 2007; Mukherjee et al., 2012; Mukherjee and Fryar, 2008;
Postma et al., 2007) and highlights the important role of carbonate dissolution and generation of bicar-
bonate in thehydrochemical evolution of groundwater facies and subsequent tracemetalmobilization
(Mukherjee et al., 2008). Similar hydrochemical facies have also been observed in deeper aquifer
samples (>150m) from the highly As contaminated region in the Bhagirathi sub-basin, Bangladesh
(Mukherjee et al., 2008).
Concentrations ofHCO3− arehigher thanexpectedbasedon the stoichiometry of calciumcarbonate
weathering, suggesting that HCO3− is being generated from other processes in addition to carbonate
dissolution (i.e. silicate weathering or organic matter mineralization), or that some Ca2+ is being lost
in either cation exchange reactions or precipitation of Ca-bearing minerals (e.g. Sharif et al., 2008).
Groundwater ismostly saturatedwith respect to carbonatephases suchas calcite anddolomite, further
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Table 2
Saturation indices (SI) calculated using PHREEQC for tubewell and river water samples collected along the ﬂowpath of Bhaluhi River, Nawalparasi, Nepal.
Upper (n=25) Middle (n=37) Lower (n=11) River (n=8)
x¯ Max Min x¯ Max Min x¯ Max Min x¯ Max Min
aArsenolite [As4O6] −22.6 −20.4 −25.2 −20.3 −17.9 −25.2 −22.3 −19.8 −25.2 −25.4 −25.3 −25.4
Aragonite [CaCO3] 0.1 0.4 −0.2 0.3 0.5 0.0 0.2 0.4 0.1 0.8 0.9 0.3
Calcite [CaCO3] 0.2 0.5 −0.1 0.4 0.6 0.1 0.3 0.6 0.2 0.9 1.1 0.5
Dolomite [CaMg(CO3)2] 0.1 0.9 −0.3 0.5 1.2 −0.1 0.2 0.9 −0.1 1.8 2.0 0.7
Gypsum [CaSO4·2H2O] −2.5 −1.3 −3.1 −2.8 −1.5 −3.3 −2.3 −1.4 −3.0 −2.5 −2.3 −2.7
bSiderite [FeCO3] 0.3 0.9 −2.0 0.6 1.1 −0.5 0.5 1.1 −0.7
cMagnetite [Fe3O4] 18.5 20.7 16.9 19.2 21.1 16.6 19.6 20.4 18.6
bMelanterite [FeSO4·7H2O] −6.7 −5.8 −9.1 −6.8 −5.1 −7.8 −6.4 −5.6 −6.9
cFerrihydrite [Fe(OH)3] 2.0 2.6 1.7 1.8 2.5 0.6 2.1 2.3 1.9
cHematite [Fe2O3] 17.9 19.1 17.2 17.3 18.8 15.0 18.1 18.5 17.5
cLepidocrocite [FeOOH] 5.6 6.1 5.2 5.3 6.0 4.1 5.7 5.9 5.4
cGoethite [FeOOH] 6.4 7.0 6.1 6.2 6.9 5.0 6.5 6.7 6.3
cMaghemite [Fe2O3] 7.5 8.6 6.7 6.9 8.4 4.6 7.7 8.1 7.1
cMg-Ferrite [MgFe2O4] 8.0 9.0 7.4 7.9 9.7 4.8 8.2 8.8 7.7
bGreenalite [Fe3Si2O5(OH)4] −0.3 2.3 −7.1 1.5 3.1 −1.3 1.1 2.7 −3.0
dBirnessite [MnO2] −17.8 −12.3 −20.2 −17.9 −13.6 −20.1 −17.8 −14.3 −19.1 −12.9 −10.3 −16.0
dBixbyite [Mn2O3] −16.3 −9.6 −19.8 −16.5 −12.0 −19.5 −15.9 −12.1 −17.8 −10.2 −8.1 −12.9
dHausmannite [Mn2+Mn3+2O4] −19.0 −11.3 −23.6 −19.3 −14.3 −23.1 −18.3 −14.2 −20.8 −11.5 −8.4 −14.2
dManganite [MnOOH] −8.2 −4.9 −10.0 −8.3 −6.1 −9.8 −8.0 −6.1 −9.0 −5.2 −4.2 −6.5
dNsutite [MnO2] −17.2 −11.8 −19.6 −17.3 −13.0 −19.6 −17.2 −13.7 −18.5 −12.3 −9.8 −15.4
dPyrolusite [MnO2] −15.5 −10.1 −17.9 −15.6 −11.3 −17.9 −15.5 −12.1 −16.8 −10.5 −7.7 −13.8
dRhodochrosite [MnCO3] −0.7 0.3 −1.9 −0.9 −0.1 −1.8 −0.5 0.1 −0.9 −0.9 −0.5 −1.3
Fluorite [CaF2] −0.4 0.3 −1.1 −1.0 −0.2 −2.8 −0.6 −0.1 −3.0 −0.3 0.0 −0.8
Quartz [SiO2] 0.5 0.6 0.3 0.7 0.9 0.4 0.7 0.9 0.6 0.3 0.4 0.2
Blank ﬁelds indicate values not available. SI < 0: undersaturation; SI > 0: supersaturation.
a Upper (n=19), middle (n=34), lower (n=8) and river (n=2).
b Upper (n=25), middle (n=33) and river (n=0).
c Upper (n=3), middle (n=8), lower (n=4) and river (n=0).
d Upper (n=25) and river (n=7).
72 J. Diwakar et al. / Journal of Hydrology: Regional Studies 4 (2015) 59–79
suggesting that carbonate dissolution alone does not contribute to the high bicarbonate in the aquifer
of Nawalparasi.
Our data clearly indicate that silicateweathering is also contributing to themajor ion solute compo-
sition of the groundwater. Bicarbonate can also be derived by weathering of primary silicate minerals
such as Ca- or Na-feldspar, as represented the following equations (Eqs. (1) and (2)).
CaAl2Si2O8(s) +2CO2(aq) +3H2O → Ca2+(aq) +2HCO3−(aq) +Al2Si2O5(OH)4(s) (1)
2NaAlSi3O8(s)+2CO2(aq)+6H2O→2Na2+(aq) +2HCO3−(aq) +Al2Si2O10(OH)2(s)+2H4SiO4(aq) (2)
The elevation gradient of the aquifer is from north to south (Fig. 1), hence there is likely to be a
generally southward ﬂow in the aquifer system. The plot of Si against latitude (Fig. 4) reveals that the
concentration of Si in groundwater generally increases downstream (southward), which is consistent
with increasedSiweatheringalong the topo-gradientﬂow-pathof theaquifer. Elevatedconcentrations
of Ca2+ andNa+ in the shallowwells of Nawalparasimay suggest evaporative concentration or a higher
degree of active weathering in the redox transitions zones (e.g. Kocar et al., 2008).
However, HCO3− may be also be generated by root respiration (Mukherjee and Fryar, 2008) and
anaerobic oxidation of organic matter (Bhattacharya et al., 2002; Mukherjee and Fryar, 2008; Sharif
et al., 2008). There are multiple pathways of anaerobic carbon metabolism that generate HCO3− (or
consume protons), including those involving N, Mn, Fe and SO42− as terminal electron acceptors,
according to the following equations (Eqs. (3)–(7)).
4NO3− +5CH2O → 2N2 +4HCO3− +CO2 +3H2O (3)
NO3− +2CH2O + 2H+ → NH4+ +2CO2 +H2O (4)
2MnO2 +3CO2 +H2O + CH2O → 2Mn2+ +4HCO3− (5)
4Fe(OH)3 +7CO2 +CH2O → 4Fe2+ +8HCO3− +3H2O (6)
SO42− +2CH2O → H2S + 2HCO3− (7)
The generally low redox potential of tube well waters combined with the abundance of reduced
species of various redox sensitive elements (i.e. Fe2+, As(III), NH3) clearly indicates that reductive
processes are important controls on aquifer geochemistry in the study area. For example, the presence
of ammonia in groundwater indicates some degree of dissimilatory nitrate reduction. Ammonia could
be sourced from sewage input or agricultural areas (Nath et al., 2008) or may be derived from nitrate
reductioncoupledwithorganicmatterdecomposition. Lownitrateandhighammonia concentration in
the groundwater results suggests dissimilatory nitrate reduction is an important pathway of carbon
metabolism in the aquifer (Bhattacharya et al., 2003). The reducing conditions observed here are
broadly consistent with the previous studies of Bhattacharya et al. (2003), Gurung et al. (2005) and
Khadka et al. (2004) in the Nawalparasi district. Based on Fe2+:FeTot ratios, Fe2+ is the dominant Fe
species (Fig. 6) in the tubewell water samples. The dominance of Fe2+ in the groundwater samples of
Nawalparasi clearly indicates prevalence of Fe(III)-reducing conditions in the aquifer (McArthur et al.,
2001; Kocar et al., 2008; Winkel et al., 2008; Ravenscroft et al., 2009).
4.2. Potential sources of arsenic in groundwater
ConcentrationsofAs in this studyareavaried from0.0 to7.6MandAs(III)wasclearly thedominant
species in most samples (Fig. 6). This result is consistent with the ﬁndings of Bhattacharya et al. (2003)
for this region. The signiﬁcance of the predominance of As(III) species is twofold, (i) As(III) is more
toxic and generally more mobile than As(V) and (ii) it is consistent with reductive processes being
an important mechanism of As mobilization (Bhattacharya, 2002; Smedley and Kinniburgh, 2002).
Groundwater is highly undersaturated with respect to major As phases which indicates As is unlikely
to precipitate as discrete As-bearing minerals after mobilization (Mukherjee et al., 2008).
While the middle region of the study area had generally higher concentrations of AsTot, overall
there was a high degree of spatial heterogeneity. A heterogeneous distribution of As is consistent
with the complex aquifer stratigraphy that has been reported in the Nawalparasi region previously
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(Weinman, 2010; Brikowski et al., 2013). A high degree of spatial heterogeneity in As is also commonly
reported in Gangetic ﬂoodplain aquifers and various mechanisms have been proposed to explain it.
For example, McArthur et al. (2011) proposed that the absence or presence of a palaeo-weathering
surface was a key control on As heterogeneity at their study site in West Bengal, India. McArthur et al.
(2011) suggested that a palaeo-weathering surface formed during the last glacial maximum protects
the underlying Pleistocene aquifer from contamination with DOC and As enriched water (McArthur
et al., 2011). Spatial heterogeneity of arsenic creates difﬁculties for predicting the location of safe
aquifers and hampers efforts to protect local people heath from arsenic contamination or to identify
aquifers suitable for development.
There are multiple processes that may be evoked to explain the elevated As concentrations in
the study site aquifer, including weathering of primary minerals like apatite (e.g. Mailloux et al.,
2009), sulﬁde oxidation (e.g. Williams et al., 2004, 2005) or reductive dissolution of As-bearing Fe(III)
phases.Other studies of theTerai regionaquifershave suggested sulﬁdeoxidationmaybean important
mechanismofAsmobilization (Williamset al., 2004, 2005).However, the lowconcentrationsofnitrate,
sulfate and absence of acidic water observed in our studies does not support the hypothesis of sulﬁde
mineral oxidation being a major source of As (Dowling et al., 2002). The fact that S(-II) was generally
below detection limits (4M) also clearly indicates that the groundwater has not attained sulﬁdic
conditions (Mukherjee and Fryar, 2008) and thus thiolated As species are unlikely to be important
under these conditions. In addition, the low phosphate content in our samples suggests phosphate
is unlikely to be a major competitor for anion adsorption sites on mineral surfaces (Dowling et al.,
2002).
The reductive mobilization hypothesis (i.e. reductive dissolution of As-bearing Fe-oxides) is com-
monly evoked as a primary mechanism to explain As mobilization in Gangetic ﬂoodplain aquifers (e.g.
Bhattacharya et al., 1997; McArthur et al., 2001; Mukherjee and Bhattacharya, 2001; Smedley and
Kinniburgh, 2002; Dowling et al., 2002; Zheng et al., 2004; Nath et al., 2008; Seddique et al., 2008;
Fendorf et al., 2010a). Iron oxide minerals are common in sediments of the Gangetic plain (Acharyya,
2005;Mukherjee, 2012) and the Bengal Deltaic plain (McArthur et al., 2001). Theseminerals are strong
sorbents for As (Kocar et al., 2009). Arsenicmaybedesorbed from the surface of the dissolving Fe oxide,
or released from within the mineral structure itself (Harvey et al., 2002; McArthur et al., 2004). Only a
minority of groundwater samples at our study sitewere saturatedwith respect to Fe(III) (oxyhdr)oxide
phases like ferrihydrite, hematite, lepidocrocite, goethite, maghemite, and Mg-Ferrite. However, this
suggests that precipitationof Fe(III) phases fromgroundwater is thermodynamically favorable at these
locations.
4.2.1. Decoupling between As and Fe
McArthur et al. (2001) observed a positive correlation between As(III) and Fe2+ in West Bengal
and suggested they are coupled via reductive dissolution of As-bearing Fe(III) minerals. The study of
Bhattacharya et al. (2003) in the aquifer of theNawalparasi district also observed a positive correlation
between As and Fe (r2 =0.59).
However, in this study As concentrations displayed poor correlation with most major cations (Mn,
Ca and Na) including Fe (Fig. 5), which is consistent with the studies of Khadka et al. (2004) in the
Nawalparasi district. There was also weak correlation between aqueous As(III) and HCO3−, which may
be a consequence of local baseline alkalinity being generatedmainly by carbonatemineral weathering
and nitrate reduction (Nath et al., 2008).
Weak correlation between aqueous As and Fe in Gangetic plain aquifers has also been observed by
others (Dowlinget al., 2002; vanGeenet al., 2006a) andmay indicatedecouplingbetweenmobilization
of As and Fe2+. The behavior of Fe(III) oxides under reducing conditions is complex and although Fe(III)
oxides are important host phases for As, during either reductive dissolution or Fe(II)-catalyzedmineral
transformation, the degree of As mobilization depends on the afﬁnity of the original and transformed
minerals for the arsenic species (e.g. Dixit and Hering, 2003). A variety of studies have shown that
Fe(II)-catalyzed transformationof poorly crystalline Fe(III) oxides intomore thermodynamically stable
crystalline phases can retard As mobilization (e.g. Fendorf et al., 2010b; Pedersen et al., 2006). In
addition, the release of As during reductive dissolution of ferrihydrite can be substantially delayed
compared to Fe2+, as As(V) continues to adsorb to residual ferrihydrite until surface sites are saturated,
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only then releasing As to the aqueous phase (Pedersen et al., 2006). This can have the effect of causing
an apparent decoupling between Fe2+ and As mobilization.
Decoupling between Fe2+ and As may also result from sorption of Fe2+ to other surfaces (i.e. clays)
or precipitation of Fe(II) minerals, such as siderite. Groundwater in Nawalparasi is near saturated
with respect to siderite in most samples (Fig. 7). This suggests that aqueous Fe2+ in the ground-
water may precipitate as siderite, vivianite or hydroxycarbonates (McArthur et al., 2001; Ahmed
et al., 2004), which is consistent with the groundwater chemistry being strongly regulated by the
precipitation/dissolution of carbonate minerals (Bhowmick et al., 2013). The fact that conditions are
thermodynamically favorable for precipitation of siderite within the aquifer sediments provides a
plausible explanation for the apparent decoupling between As and Fe observed in Fig. 6.
4.3. Other contaminants
Seventy-seven percent of groundwater samples exceeded the United States Environmental Pro-
tection Agency (USEPA) GLV for Mn of 0.91M (Fig. 6). Exposure to elevated Mn in drinking water is
associated with neurotoxic effects in children and diminished intellectual function (Wasserman et al.,
2006). Mn oxides, found in soils and sediments, are highly reactive and strong scavengers of heavy
metals and trace elements (Post, 1999), including As. The presence of manganese oxides decreases As
availability and As mobilization both by the oxidation of arsenite and sorption of arsenate (Lafferty
et al., 2011). This behavior is consistent with the observed negative correlation between As and Mn
evident in Fig. 5.
Groundwater was slightly saturated to undersaturated with respect to rhodocrosite. Slightly to
undersaturated groundwater with respect to rhodocrosite has also been observed in the Bengal Basin
(e.g. Mukherjee et al., 2008). Precipitation of rhodocrosite may occur in reducing environments and
removesMn(II) fromgroundwater (Mukherjeeet al., 2008). Thenegativecorrelationobservedbetween
AsTot and rhodocrosite (Fig. 7b) tentatively suggests that rhodocrosite may be a potential host phase
of As. However, further work would be required to conﬁrm this suggestion.
In addition to As and Mn contamination, about 40% of samples had ﬂuoride concentrations exceed-
ing the WHO GLV of 0.07M (see Fig. 6). Khadka et al. (2004) also detected F in the tubewell water
of Nawalparasi. However, they also reported a positive correlation between F and As concentrations,
a feature which was not observed by this study. A desorption/adsorption study of Kim et al. (2012)
indicated that if Fe(III) (oxyhdr)oxide is the host for both As and F−, then co-contamination may
be induced by the reductive dissolution of the Fe(III) (oxyhdr)oxide in reducing aquifers. Exposure
to elevated arsenic and ﬂuoride in drinking water (>WHO GLV) can cause endemic arsenicosis and
endemic ﬂuorosis, affect the immune system, reduce IQ levels and decrease intellectuality of children
(Wang et al., 2006; Wasserman et al., 2004; Rocha-Amador et al., 2009, 2011). Dissolution and pre-
cipitation of Ca minerals (such as ﬂuorite and calcite) regolith weathering (Hallet et al., 2015) and
F-adsorption–desorption typically control ﬂuoride in groundwater (Guo et al., 2012). The majority of
the groundwater samples here are saturated with CaCO3 and undersaturated with respect to CaF2.
Undersaturation of CaF2 might be due to CaCO3 precipitation, preventing it by lowering Ca2+ activity
and allowing more CaF2 to dissolve (Raﬁque et al., 2008).
There was no correlation observed in between As and other trace elements except Mo. Mo occurs
as an oxyanion and its aqueous behavior is somewhat similar to As oxyanions (Dowling et al., 2002),
therefore a positive correlation between them is not surprising.
4.4. Organic matter
Natural organicmatter in aquifer sediments and groundwater is of crucial concern, as it is a primary
source of electron donors driving reductive geochemical processes that can mobilize As (Islam, 2004;
Lawson et al., 2013). High concentrations of electron donors or chelating ligands derived from natural
organic matter may act as a catalyst for the dissolution of iron oxides (Fendorf et al., 2010b). UV
absorbance at 254nm (Abs254) is a proxy for dissolved organic matter content in natural waters and is
also positively correlated with aromatic carbon content (Junquet, 2010; Mrkva, 1983; Weishaar et al.,
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2003). A positive correlation observed in between NH3 and Abs254 in the middle and lower region
(Fig. 8) is consistent with nitrate reduction induced by the anaerobic oxidation of organic matter.
The positive correlations between AsTot and NH3, as well as AsTot and Abs254 observed in the
groundwater of Nawalparasi are consistent with microbial activity, reducing conditions and a suf-
ﬁcient supply of organic matter as being important factors contributing to As mobilization (Dowling
et al., 2002). Bhattacharya et al. (2003) also reported a positive correlation between arsenic and ammo-
nia in groundwater of the Nawalparasi district. However, Khadka et al. (2004) did not observe any
correlation between them in their studies of the same region. Dowling et al. (2002) also observed a
positive correlation between As and NH3 and Mo in the groundwater of the Bengal Basin.
There may be a variety of different sources of organic matter in the aquifer sediments. Oxbow lakes
formed by channel meandering are common in the low-lying topography of the ﬂoodplain and form
organic-rich wetland areas. The anaerobic environment that prevails within the shallow sediments of
such wetlands can encourage microbial induced reductive dissolution of As-bearing Fe (hydr)oxide
minerals (e.g. Kocar et al., 2008) such as ferrihydrite and goethite (Winkel et al., 2008), thereby mobi-
lizing As in groundwater. In other systems, such reductive mobilization of As has been reported as
continuing with increasing depth until depletion of labile As or exhaustion of labile carbon (Kocar
et al., 2008). Other sources of carbon could include young labile carbon derived from organic-rich
recharge waters (i.e. constructed ponds and ﬂooded rice ﬁelds) and encouraged by anthropogenic
changes in land use or aquifer abstraction patterns (Harvey et al., 2006; Kocar et al., 2008; Lawson
et al., 2013). For example, recent studies of Lawson et al. (2013) in regions of Cambodia and West
Bengal with intensive pumping of groundwater showed that pond-derived organic carbon can be
transported to the 50–100m depth in the underlying arsenic-contaminated aquifers. Further work is
required to ascertain the possible origin(s), age and characteristics of DOC in Terai aquifers.
4.5. River water chemistry
The river water chemistry (increase in concentrations of As, Fe, Mo and Abs254) are broadly consis-
tent with the spatial patterns in groundwater chemistry. Although As concentrations in the Bhaluhi
River water were below the WHO GLV, there was a general increase in concentrations downstream,
with a peak corresponding to the middle region of the sampling area where groundwater As concen-
tration were also highest. The higher concentration of As in the river water might be due to baseﬂow
from shallower, more As-enriched groundwater (Mukherjee and Fryar, 2008) or localized reductive
processes in the hyporheic zone. This is consistent with Brikowski et al. (2013), who suggested that
groundwater in this region made a signiﬁcant contribution to stream baseﬂow during the dry season.
The decrease in concentration of Mn in the middle region suggests precipitation or loss of Mn via
sorption. The elevated concentrations of ﬂuoride suggest ﬂuoride is also being released in the river
water via groundwater baseﬂow.
4.6. Further research
This study extends the work of Bhattacharya et al. (2003) and Weinman (2010) and suggests that,
alongwith carbonate and silicateweathering,microbialmediated oxidation of organicmatter coupled
with reductive dissolution of FeOOH is likely to be an important process responsible for release of
high concentrations of aqueous As(III) and Fe(II) in the shallow aquifer at Nawalparasi. The apparent
decoupling between As and Femay be explained by the formation of siderite, but further investigation
is required to conﬁrm this suggestion. Contrary toWilliams et al. (2004, 2005),we foundnoevidence to
suggest sulﬁde oxidationwas amajor source of contemporary As. Furtherwork is required to ascertain
the origin(s), role and age of organic carbon in the aquifer systems.
However, there are important limitations in usingwell-based collectionmethods to resolve aquifer
geochemical processes. This is particularly the case in environmentswith complex stratigraphywhere
the screened zone of tube wells may span multiple, contrasting sedimentary facies. Future work that
collects depth-resolved sediments and porewaters simultaneously and integrates sediment mineral-
ogy with aqueous characterization would be of great beneﬁt in helping unambiguously identify key
geochemical processes controlling aquifer As mobilization in the Terai.
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5. Conclusions
In the shallow aquifer of the Nawalparasi district, groundwaters display reducing/sub-oxic con-
ditions with circum-neutral pH and are characterized by Ca-HCO3 type water. The concentration of
aqueous As [mainly As(III)] exceeded the WHO limit (0.13M) for safe drinking water in 59 (80%) out
of 73 sampled wells. The aquifer is also contaminated with manganese and ﬂuoride, with 77% and
40% of samples above WHO guidelines respectively. Groundwater chemistry is largely controlled by
carbonate minerals. While the hydrogeochemical data are broadly consistent with microbially medi-
ated reductive dissolution of Fe(III) oxyhydroxides being an important mechanism releasing As into
the aquifer, further work is required to unambiguously resolve the mechanism(s) and deﬁnitively
explain the apparent decoupling with Fe2+. Other geochemical processes, e.g., silicate weathering and
carbonate dissolution, are primarily responsible for distribution of solutes in groundwater.
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